Abstract Structural phases formed by adsorption of L-proline onto a Cu{311} surface in ultra-high vacuum were investigated using reflection-absorption infrared spectroscopy, low-energy electron diffraction and scanning tunnelling microscopy. An ordered structural phase formed by selfassembly of L-prolinate with (2,1;1,2) periodicity, and a transition from pure l3 bonding to a mixture of l3 and l2 bonding with increasing exposure at 300 K, were observed. This behaviour has broad parallels with that previously seen with alaninate and glycinate on Cu{311}, but the detailed correlation between structure and bonding, and their evolution during subsequent annealing, are markedly different for prolinate as compared to alaninate and glycinate. At annealing temperatures around 480-490 K, a new structural phase with (5,3;4,6) periodicity emerges. We tentatively attribute this to pyrrole-2-carboxylate, formed by dehydrogenation and aromatization of the pyrrolidine ring of prolinate. The observation of equal areas of the two possible mirror domains associated with the two possible adsorbate-substrate bonding enantiomers implies a prochiral intermediate.
Introduction
The overlayers that form when simple a-amino acids adsorb at single-crystal Cu surfaces have proved to be fertile ground for investigating how chirality can be manifested at solid surfaces . Molecular adsorption of an enantiopure a-amino acid (excepting glycine, which lacks a chiral centre) necessarily imposes chirality on even a highsymmetry crystalline surface. Chirality may also arise specifically from the configuration of the bonding between adsorbate and substrate: this is known as ''footprint chirality''. For example, the l3 bonding configuration preferred by both glycine and alanine adsorbed, in anionic form, on Cu{110} places the amine N and both carboxylate O atoms near-atop Cu atoms. Due to the rectangular shape of the {110}-(1 9 1) unit mesh, the three Cu atoms to which the adsorbate bonds are arranged in the form of a right-angled scalene triangle, which can exist in either of two mirror-equivalent enantiomeric forms (the mirror symmetry of the pure geometric form being broken by the presence of the underlying surface). In consequence, the adsorbate-substrate bonding configuration is chiral; this is true even for the glycinate-surface complex, despite the mirror symmetry of the Cu{110} surface and the absence of a molecular chiral centre. At higher coverages of enantiopure alaninate on Cu{110}, with the onset of 2-point ''l2'' bonding (involving the amine group and a single carboxylate O), chirality emerges in the long-range self-assembly, with the 2D surface lattice (i.e. the disposition of lattice points, irrespective of atomic positions in the surface motif) becoming chiral.
A complementary line of enquiry is to reduce the mirror symmetry of the metal surface by means of the choice of surface orientation. Indeed, one can choose a high-index surface orientation that is devoid of any mirror symmetry and thus is intrinsically chiral. This has motivated studies of Cu{531}, for example [24] [25] [26] [27] [28] . From the point of view of amino acid adsorption, however, Cu{311} provides a particularly interesting counterpoint to Cu{110}. Although the crystallographic differences are relatively subtle, the {311} surface, shown schematically in Fig. 1a , has less mirror symmetry than {110} (one mirror plane instead of two), and no rotational symmetry. It does, however, offer potential adsorption sites for l3-bonded amino acids in which the three Cu atoms to which the adsorbate bonds are arranged in the form of an isosceles (i.e. mirror-symmetric) triangle. One might therefore predict that the footprint chirality seen for l3 bonding on Cu{110} will be ''switched off'' on {311}. Experiments with glycine and alanine have confirmed this prediction [27, [29] [30] [31] : both species give rise a 'symmetric lattice' (SL) overlayer in which each (2,1;1,2) unit mesh contains a single l3 bonded glycinate or alaninate moiety, so that all adsorbate-surface complexes are identical (for clarity, we note that there may still be some asymmetry in the precise positions of the donor atoms in the ligand; a description of the footprint as ''symmetric'' in this instance refers explicitly to the arrangement of the three Cu atoms to which the adsorbate bonds) Those experiments also revealed that, with the onset of l2 bonding at high coverages, other manifestations of chirality emerge in the form of ordered 2D phases that have chiral lattices (alaninate), or of related structures involving highly anisotropic translational domain boundaries, irregularly spaced, whose linear orientation breaks the surface mirror symmetry and whose internal structure is chiral (both glycinate and alaninate).
The behaviour of proline, adsorbed as prolinate C 4 H 7 NHCOO - (Fig. 1b) , on Cu{110} exhibits further subtleties. Raval et al. found that prolinate overlayers have a larger unit mesh than glycinate and alaninate overlayers, due to the steric bulk of the pyrrolidine ring containing the amine group, and that, for a given molecular enantiomer, the two footprint enantiomers correspond to conformers that place the ring either near-parallel or near-perpendicular, respectively, to the surface plane [32] [33] [34] . The same unit mesh and strict alternation of ''left-footed'' and ''right-footed'' rows occurs with both enantiopure and racemic prolinate. In the latter case, however, the distribution of D-and L-prolinate (and thus of parallel-ring and perpendicular-ring conformers) is found, within the constraints of the unit mesh and the footprint ordering, to be random.
In light of the structural differences seen in overlayers of prolinate, as compared to glycinate and alaninate, on Cu{110}, we have investigated the structural phases formed when proline is adsorbed on Cu{311}, characterising them by means of reflection-absorption infrared spectroscopy (RAIRS), low-energy electron diffraction (LEED) and scanning tunnelling microscopy (STM). It emerges that the systematics vary significantly from those seen in our earlier investigations of glycine and alanine on Cu{311} [27, [29] [30] [31] . We discuss our results for proline in that context, and also in the context of the behaviour of prolinate observed by Raval et al. on Cu{110} [32] [33] [34] .
Experimental Details
In common with our previous work, the experiments were performed under ultra-high vacuum (UHV) conditions on single-crystal Cu{311} surfaces [27, [29] [30] [31] . The overlayers were prepared by exposing the clean surfaces to gasphase proline, generated by sublimation from enantiopure L-proline powder in a heated capillary tube; the various exposures used, and the surface temperatures/annealing conditions, were as stated below for specific experiments. The RAIRS and STM measurements were performed in separate UHV systems on two different Cu{311} crystals, as described previously [27, [29] [30] [31] ; STM images were recorded at 78 K in constant-current (topographic) mode.
LEED measurements were made in both UHV systems, for the purpose of correlating the RAIRS and STM results. The LEED optics in the STM system gives markedly sharper spots and lower background than the optics in the RAIRS system; we have seen this disparity consistently across a range of substrates and adsorbates, and therefore attribute it to instrumental factors, not surface condition. For that reason, the LEED patterns shown here are those recorded in the STM system. LEED measurements were performed at very low energies (typically 23 eV), which are found to minimise electron beam damage to the overlayer.
Although similar trends in the LEED behaviour were observed in both UHV systems, some inconsistencies (discussed explicitly below) were noted in the exposures and temperatures at which changes occurred in the two systems, as well as some variability in repeated experiments under nominally identical conditions in the same system. In the STM system, saturation was typically achieved at much lower exposures, and with a smaller pressure rise above base pressure, than in the RAIRS system, such that exact exposure values were difficult to assess reliably. This may be due to the fact that there was direct line-of-sight between sample and doser in the STM system but not in the RAIRS system, although we have not investigated this in depth. It is also relevant that the sample heating and temperature measurement arrangements in the two systems are different: in the STM UHV system, the radiatively-heated sample stage in the manipulator has a high thermal mass, and the thermocouple is mounted remotely from the sample plate, making precise temperature control relatively difficult to achieve.
Because of the distortions that arise in STM images due to scanner miscalibration, thermal drift and scanner hysteresis, LEED is more reliable as an accurate guide to surface periodicity. Consequently, in cases where LEED shows a simple periodicity and the corresponding STM images, even if distorted, are clearly consistent, it is justified to use digital processing to correct the STM images to the periodicity determined by LEED. On that basis, high-resolution STM images have been corrected for distortion where possible (''calibrated'', in figure caption). Where the LEED pattern is complex or indistinct, or the correlation with STM less clear, such an approach is less feasible, and the STM data are shown without correction (''uncalibrated'').
To facilitate comparison with LEED data, 2D plots of the power spectra of corresponding STM images were calculated using Image Metrology SPIP software, using a Welch window and displayed using H(magnitude) scaling. Uncalibrated images were used in all cases: although this inevitably leads to (small) distortions of the power spectrum plots relative to the LEED patterns, any scanner miscalibration is common to all images, so that any inconsistencies between power spectra of different images can be wholly attributed to thermal drift (low on our LT-STM at 78 K) and/or scanner hysteresis.
Results

RAIRS and LEED Observations
Development of Prolinate Overlayer with Exposure
at 300 K Figure 2 shows a series of RAIR spectra obtained while exposing Cu{311}, held at 300 K, to L-proline. A key feature is the absorption band at 1410 cm -1 . In common with previous studies [1, 11, [30] [31] [32] , this is assigned as the symmetric O-C-O stretch, m s (CO 2 ), and taken as characteristic of the l3 bonding configuration, because it implies that both carboxylate O atoms are in identical environments. This is also the key piece of evidence that the molecule adsorbs in anionic form: the carboxylate O atoms could not be in identical environments if the molecule adsorbed as proline. The strong band at 957 cm -1 is assigned to a stretching mode of the pyrrolidine ring, m(ring), coupled with the out-of-plane N-H bend, d(NH); the weaker band at 1394 cm -1 is assigned to the in-plane N-H bend, d(NH), coupled to the C-H bend, d(C a H), associated with the a carbon [32] . The relative strengths of these two bands imply that the N-H bond is close to parallel with the surface, consistent with the amine group bonding to the surface through the N lone pair.
Turning to modes associated with the pyrrolidine ring, the strong band at 2968 cm -1 is assigned to the antisymmetric H-C-H stretch, m a (C b H 2 ), associated with the b carbon, coupled to the same mode associated with the c carbon, m a (C c H 2 ). The weaker band at 2879 cm -1 is assigned to the corresponding symmetric H-C-H stretches, 
, while the weak band at 2858 cm -1 is assigned to the C-H stretch mode, m(C a H), associated with the a carbon [32] . In principle, the relative strengths of these bands depend in part upon the orientation of the ring relative to the surface plane. However, determining ring orientation on this basis is complicated by the fact that the ring is puckered. We limit ourselves to the observation that the ring is most likely tilted at an orientation intermediate between the two extremes that occur on Cu{110}.
Above 2.5 L exposure, an additional band is seen at 1616 cm -1 . This was originally assigned as the antisymmetric O-C-O stretch, m a (CO 2 ) [1, 11, 32] , but has recently been re-assigned, on the basis of ab initio calculations of normal mode frequencies, as a carbonyl stretch, m(C=O) [30, 31] . On either interpretation, it is characteristic of the l2 bonding configuration, due to the consequent inequivalence of the carboxylate O atoms.
In terms of vibrational spectra, therefore, the behaviour of prolinate on Cu{311} has clear parallels with the behaviour of glycinate and alaninate on Cu{311} and on Cu{110}, with l3 bonding predominating up to a given coverage, and l2 bonding occurring in addition at higher coverages. But there is also a key difference: with prolinate, the bands associated with l3 continue to grow while the bands associated with l2 develop. Figure 3 shows a series of LEED patterns obtained from Cu{311} as a function of exposure to proline at 300 K. These were recorded in the STM UHV system, in which saturation was found to have occurred already at 0.4 L exposure (see below); comparable trends, albeit at systematically higher nominal exposures, were observed in parallel measurements in the RAIRS UHV system. The pattern in Fig. 3b is characteristic of those obtained in the initial stages (up to 0.4 L) of exposure [ Fig. 3a shows the clean-surface (1 9 1) LEED pattern for reference]. This pattern can be understood in terms of the (2,1;1,2) overlayer previously observed for glycinate and alaninate on Cu{311} [27, [29] [30] [31] , but with asymmetric spot-splitting consistent with a slight chiral distortion of the (2,1;1,2) lattice. The pattern in Fig. 3c is characteristic of those obtained at higher exposures (0.4 L and above). This is a (2,1;1,2) LEED pattern, albeit showing slight diagonal elongation of the spots.
The observation of prolinate overlayers having (2,1;1,2) periodicity on Cu{311} is consistent with the observation of the same periodicity with glycinate and alaninate on Cu{311} [27, [29] [30] [31] . In the latter cases, this periodicity is associated with pure l3 bonding in the SL phase at 0.33 ML; at higher exposures, with the onset of l2 bonding, the chiral-lattice (CL) phase is seen instead. With prolinate, by contrast, the split-spot pattern is seen at lower exposures associated with pure l3 bonding, while the (2,1;1,2) pattern is seen most clearly at higher exposures after the onset of l2 bonding. The systematics for prolinate evidently differ in detail from those for glycinate and alaninate.
Effects of Annealing on Saturated Prolinate
Overlayer Figure 4 shows how the RAIR spectrum of the saturated surface (after 5 L exposure at 300 K to L-proline) is affected by subsequent annealing. These data were obtained by heating to a given temperature for 2 min, cooling to 300 K and recording a spectrum, heating to the next temperature and so on. We focus in particular on the behaviour of the m s (CO 2 ) and m(C=O) bands at 1414 and 1616 cm -1 respectively. On annealing to temperatures between 350 and 420 K, the m s (CO 2 ) and m(C=O) bands both decrease in intensity; the latter also shifts slightly to 1622 cm -1 . These changes could suggest a decrease in the tilt of the carboxylate group relative to the surface plane. From 440 to 450 K, the m(C=O) band becomes more intense, and sharpens, while the m s (CO 2 ) band broadens slightly and shifts to around 1400 cm -1 . This suggests that the tilt of the carboxylate group out of the surface plane increases again. From 460 to 480 K, the intensity of the m(C=O) band decreases progressively to zero, while the m s (CO 2 ) band sharpens and shifts back to 1410 cm -1 . The loss of the m(C=O) band in particular indicates that no significant quantity of prolinate remains in the l2 bonding configuration. Other bands decrease in intensity as well, notably the high frequency CH and CH 2 stretch modes and the ring-stretching band at 957 cm -1 . These observations can plausibly be explained in terms of dehydrogenation of the pyrrolidine ring, triggering aromatisation to give pyrrole-2-carboxylate ( Fig. 1c ; the alternative explanation, desorption of the overlayer, is discounted for reasons set out below). This explanation is consistent with the observation, in separate temperature programmed desorption (TPD) measurements ( Fig. 5 ) of H 2 desorption between 450 and 530 K, with a maximum at 490 K (hydrogen is unstable on the surface at these temperatures). The m s (CO 2 ) band-the only substantial band remaining at this point-in turn disappears progressively on annealing between 490 and 500 K, leaving a featureless RAIR spectrum.
These trends again show significant differences compared to those observed on annealing alaninate or glycinate overlayers on Cu{311}. In those cases, peaks related to l2 bonding decrease progressively on heating, indicating a reversion to pure l3 bonding by 460 K; bands associated with the latter disappear in turn by 480 K (glycinate)/ 490 K (alaninate) [27, [29] [30] [31] . Figure 6 shows a series of LEED patterns obtained after saturation exposure at 300 K to L-proline, followed by progressive annealing steps. The LEED pattern obtained after an initial 0.4 L exposure (Fig. 6a ) is similar to that obtained after 2.6 L exposure (Fig. 3c) indicating that \0.4 L exposure is sufficient to obtain the saturation structure in the STM UHV system. This inference is reinforced by the observation that similar sequences of LEED patterns were obtained in the RAIRS UHV system after 5 L initial exposure. On annealing up to 400 K, a slight diagonal streaking of the spots, seen after initial deposition, is lost, giving a sharp (2,1;1,2) pattern. From 420 to 460 K, a faint secondary set of spots is visible: we show below that this can be understood in terms of spot-splitting due to mesoscopic-scale periodic ordering. A slight clockwise azimuthal twist of the split pairs, which can be seen at 420 K, disappears at 460 K to give symmetric splitting. After annealing to 470-480 K, the splitting disappears, leaving a faint, diffuse (2,1;1,2) pattern and a high background indicative of substantial disorder. From 480 to 490 K, the (2,1;1,2) pattern is replaced by a different set of fractional order spots. These are diffuse with a high background after annealing at 480 K, but sharpen at 490 K ΔR/R 1800 1600 1400 1200 1000
Wavenumber / cm to give a new pattern which we identify in Sect. 3.2.2 as corresponding to a coincidence net structure, comprising two domains described by (2.5,1.5;2,3) and (3,2;1.5,2.5)
matrices. This pattern fades in turn at 500 K, leaving just integer-order spots at 510 K-although diffuse half-order spots become visible at 19 eV beam energy (Fig. 6l) .
(a) (c) This sequence of LEED patterns is distinct from those seen with glycinate and alaninate on Cu{311}. In the latter cases, reversion of the RAIR spectrum to pure l3 bonding correlates with reversion of the LEED pattern to (2,1;1,2) [27, [29] [30] [31] . Here, the clearest (2,1;1,2) LEED pattern occurs under high-exposure conditions where RAIRS indicates mixed l3 and l2 bonding. The sequence of changes in the streaking and spot-splitting of LEED patterns recorded after annealing to temperatures between 350 and 460 K appears to correlate with the sequence of changes seen in the intensity of the m(C=O) and m s (CO 2 ) bands in this temperature range. More clearly, the loss of the (2,1;1,2) LEED pattern and emergence of the coincidence net structure at 480-490 K coincide with changes in the RAIRS that we have tentatively attributed to aromatization of the pyrrolidine ring. We discuss this possibility in more detail below.
STM Structural Observations
Prolinate Structural Phases
In order to gain more detailed insights into the structural characteristics of these proline-derived overlayers, STM measurements were made following preparation conditions corresponding to the most characteristic LEED patterns. Figure 7 shows representative images of Cu{311} after a sub-saturation exposure (0.05 L) to L-proline at 300 K, corresponding to the LEED pattern in Fig. 3b . The largerarea image (Fig. 7a) shows a slightly patchy appearance to the terraces, occasional pits and clusters, and an irregular step whose orientation is ill-defined. The high-resolution image (Fig. 7b) reveals that the molecular overlayer is imperfectly ordered, with regular ordering in the 10 3 ½ direction, but significantly less regular ordering in the 1 30 ½ direction, with clear termination, and/or deviation in direction, of individual rows. Brighter patches are typically consistent with approximately (2,1;1,2) periodicity (see later); some breakdown of the 2D periodic order is particularly apparent in the darker patches. Qualitatively, there is also some suggestion of 'banding', with bands running in the 1 30 ½ direction. Figure 8 shows the power spectrum of the STM image in Fig. 7a . This reproduces the principal features of the LEED pattern well: in particular, the marked skewing of the reciprocal mesh away from that expected for ideal (2,1;1,2) periodicity matches well with the asymmetric spot-splitting in the LEED. The STM and LEED data are thus at least qualitatively consistent: there is evidence of distorted (2,1;1,2) periodicity in both, with the spot-splitting, and direction thereof, in the LEED pattern consistent with the banding seen in STM images. Because these data correspond to conditions in which RAIR spectra indicate pure l3 bonding, the implication is that at 300 K, prolinate can self-assemble into locally (2,1;1,2)-like regions, but some kinetic barrier (perhaps associated with the bulk of the pyrrolidine rings) precludes perfect (2,1;1,2) ordering, such that some residual disorder remains in the overlayer. Top Catal (2015) 58:591-605 597 Figure 9 shows representative images of Cu{311} after saturation exposure (3 L) to L-proline at 300 K, followed by annealing to 350 K. The corresponding LEED pattern, identical to Fig. 6b, indicates (2,1;1,2) overlayer periodicity, and this is confirmed by the STM measurements. Figure 9a shows the overall morphology: the terraces exhibit (2,1;1,2) periodicity, punctuated by a variety of linear and approximately linear features running predominantly in the 1 30 ½ direction defined by one of the sides of the (2,1;1,2) unit mesh, as well as occasional islands and pits.
Steps now show pronounced faceting, with clear alignment in the 1 30 ½ direction, and some degree of alignment in the 10 3 ½ direction: these directions correspond to the sides of the (2,1;1,2) unit mesh. The power spectrum of this image (Fig. 10 ) satisfactorily reproduces the (2,1;1,2) LEED pattern, including the asymmetric streaking due to the irregular spacing of the 1 30 ½ linear features (the slight residual skewing of the reciprocal mesh can be attributed in this case to scanner miscalibration etc.). The high-resolution image (Fig. 9b) shows the structural features in detail. The linear features represent boundaries between wellordered (2,1;1,2) regions: they run predominantly in the 1 30 ½ direction and have a characteristic internal structure; in places, the orientation varies, and the internal structure is less well defined. One extended boundary region is visible (top centre), in which a few repeats of a clearly-defined larger unit mesh structure, with (4,2;2,4) periodicity and involving zig-zag 1 30 ½ rows, can be seen. The linear 1 30 ½ boundaries are strongly reminiscent of similar features observed for glycinate and alaninate on Cu{311} [27, 29, 30] ; in all cases, they are seen after preparation conditions corresponding to the onset of l2 bonding. However, we note some important differences.
The first is in the correlation between structure and bonding configuration. For prolinate, (2,1;1,2) periodicity appears to be associated with mixed l3 and l2 bonding. For glycinate and alaninate, however, (2,1;1,2) periodicity is associated with pure l3 bonding, whereas the onset of l2 bonding is linked to boundaries and/or ordered CL structures and corresponding changes in the LEED pattern. The second difference is that, whereas the boundaries seen with glycinate and alaninate are translational domain boundaries, those seen in these prolinate images are not: adsorbates in the (2,1;1,2) regions either side of the boundary sit on the same lattice, and the adjacent (2,1;1,2) regions are thus in the same translational domain. In consequence, the internal structure (or structures) of the 1 30 ½ boundaries seen for prolinate is unlike that of the boundaries seen for glycinate and alaninate. Similarly, the deviations from 1 30 ½ orientation seen for prolinate are not seen for glycinate and alaninate. Figure 11 shows representative images of Cu{311} after saturation exposure (0.4 L) to L-proline at 300 K, followed by annealing to 460 K. The corresponding LEED pattern (Fig. 6f) shows a symmetric split-spot (2,1;1,2) pattern. Figure 11a shows the overall morphology: terraces again exhibit (2,1;1,2) periodicity, punctuated by boundaries.
Step alignment in the 1 30 ½ direction is still evident, although there seems to be less of a tendency for alignment in the 10 3 ½ direction. This image also reveals another important feature: a change in the average alignment of the mid-terrace boundaries away from 1 30 ½ (as seen in Fig. 9 ) towards 2 3 3 ½ ; boundaries also appear to account for a higher fraction of the surface area. At higher resolution (Fig. 11b) short lengths of a characteristic boundary running in the 2 3 3 ½ direction can be seen: the internal structure is difficult to discern, but the 2 3 3 ½ termination of the adjacent (2,1;1,2) domains is clear. The internal structure of the 1 30 ½ boundaries also appears different from that seen in Fig. 9b . Although the differences may in part be due to a different tip condition, the boundaries do appear less internally constricted. Figure 12 shows representative images of Cu{311} after saturation exposure (2.5 L) to L-proline at 300 K, followed by annealing to 480 K. In general, LEED patterns obtained after annealing to 470-480 K showed a diffuse (2,1;1,2) pattern (Fig. 6g) or no LEED pattern at all. The specific surface preparation from which these STM images were obtained was one of those which showed no LEED pattern at all. Such a disparity between the LEED and STM data is very surprising: we are unable to account for this, and believe it to be anomalous. The overall morphology (Fig. 12a) is broadly similar to that seen in Fig. 11a , but with less clear definition of the step faceting, and some indications of greater disorder on the terraces (bright adfeatures, pits). Significant changes can be seen in the highresolution image (Fig. 12b) : the terraces now exhibit extended 2 3 3 ½ boundaries, relatively regularly spaced (around 15 Å ), separating narrow domains of the (2,1;1,2) structure. No remnant of the 1 30 ½ boundaries remains. Figure 13a shows the power spectrum of the STM image in Fig. 12a : it matches very closely with the symmetric split-spot LEED pattern shown in Fig. 6f . To the precision with which it can be measured in the LEED pattern or the power spectrum, this symmetric splitting corresponds to a real space periodicity between 7 and 9 lattice spacings in the close-packed direction. Given the finite width of the boundaries, the width of the intervening (2,1;1,2) domain should be 3-4 2 3 3 ½ rows, shown schematically in Fig. 13b . This correlates very well with the average domain width observed in the high-resolution STM image (Fig. 12b) .
Overall, therefore, there is good correlation between the sequence of changes observed in the LEED and STM data between 350 and 480 K, and these changes evidently correspond to the sequence of changes seen, most notably in the m(C=O) and m s (CO 2 ) bands, in the RAIR spectra over the same temperature range. However, some discrepancies exist in the detailed correlation of STM and LEED data in the approximate temperature range 420-480 K. In particular, the apparent average boundary orientation seen after a 460 K anneal in the STM (Fig. 11) is not entirely consistent with the degree of azimuthal twist of the split spots in LEED patterns between 420 and 460 K, and-as already remarked-the STM data obtained after a 480 K anneal (Fig. 12 ) corresponds best to the LEED pattern obtained after a 460 K anneal (Fig. 6f) rather than a 470 or 480 K anneal (Fig. 6g, h ). At present, we cannot account for these discrepancies.
Prolinate-Derived Structural Phases After High-
Temperature Annealing Figure 14 shows representative images of Cu{311} after saturation exposure (0.4 L) to L-proline at 300 K followed by annealing to 490 K, corresponding to the LEED pattern in Fig. 6i . Much of the terrace shown in Fig. 14a is covered by ill-defined, amorphous clusters of varying sizes. However, a periodically ordered structural phase can be seen underlying the amorphous layer. Figure 14b shows a region of the surface in which a relatively large area of the ordered phase is exposed. Two domains are visible, one clearly the mirror image of the other (the mirror plane runs vertically down the image, consistent with the Cu{311} surface mirror symmetry), with a domain boundary running horizontally across the image approximately a quarter of the way from the top (arrowed ''B''). Within each domain, adsorbates define a distorted hexagonal grid, the distortion breaking the mirror symmetry of the substrate: the corresponding 2D lattice is therefore chiral. In a number of regions, a subset of adsorbates image brighter, locally defining a ''(2 9 2) super-mesh'' of the basic overlayer periodicity. Figure 15 shows the power spectrum of the STM image in Fig. 14a . The clearest fractional-order peaks are fully consistent with the dominant spots in the LEED pattern shown in Fig. 6i . Careful analysis of the reciprocal meshes defined by the dominant peaks in the power spectrum (or equivalent analysis of the corresponding LEED spots) allows the real-space unit meshes of the two overlayer domains to be determined as having periodicities (2.5,1.5;2,3) and (3,2;1.5,2.5): the schematic LEED pattern in Fig. 16 shows the fractional-order spots expected for this periodicity (filled circles), demonstrating perfect agreement with (b) (a) Fig. 13 a Power spectrum of image in Fig. 12a . b Schematic showing approximate domain width indicated by spot splitting. Yellow triangles represent l3 prolinate bonding footprint; dashed rectangles represent domain boundaries the LEED pattern and the power spectrum of the STM image. The rational-fraction matrix elements show that the full surface structure is a coincidence net structure. We defer a detailed discussion of this overlayer structure to Sect. 4.
Finally, Fig. 17 shows representative images of Cu{311} after saturation exposure (2.5 L) to L-proline at 300 K followed by annealing to 510 K, corresponding to the LEED patterns in Fig. 6k , l. The step faceting seen in images of prolinate overlayers has been lost (Fig. 17a) , and there is a high incidence of clusters and pits. At higher magnification (Fig. 17b) a layer of molecular-scale features can still be seen underlying the clusters, but with little or no periodic order visible. This is consistent with the absence of fractional-order spots in the 23 eV LEED pattern (Fig. 6k) ; there is nothing in the STM image to indicate the origin of the half-order spots in the 19 eV LEED pattern (Fig. 6l) . These images show that complete desorption of all proline-derived species has not occurred. Given the absence of absorption bands in the corresponding RAIR spectrum, the inference must be that further fragmentation has instead occurred, leading to species/orientations that are not RAIRS-active.
Discussion
From these results, we see that there are two clear points of similarity in the behaviour of prolinate, alaninate and glycinate on Cu{311} observed in this and our previous studies [27, [29] [30] [31] . The first is the transition from pure l3 bonding to a mixture of l3 and l2 bonding with increasing exposure, and the loss of l2 bonding on annealing. The second is the observation of (2,1;1,2) periodicity. However, there are also several notable differences: (i) the continued growth in the RAIR spectra of absorption bands associated with l3 bonding after the onset of l2 bonding; (ii) the detailed behaviour of the m(C=O) and m s (CO 2 ) bands on annealing; (iii) the relationship between (2,1;1,2) periodicity and l3/l2 bonding behaviour; (iv) the nature and behaviour of the 'domain boundaries', and their relationship to l2 bonding; (v) the high-temperature structures. The presence in the RAIR spectra of absorption bands associated with l3 bonding, and the observation of a (2,1;1,2) LEED pattern, strongly imply that prolinate, alaninate and glycinate share essentially the same symmetric bonding footprint (in terms of Cu atom positions) on Cu{311}. Given the coexistence of bands associated with l2 bonding, however, we cannot rule out the possibility that the distinction between l3 and l2 bonding becomes blurred in this case. The lower conformational flexibility, compared to alaninate/glycinate, imposed by the pyrrolidine ring may introduce some asymmetry into the bonding of the two carboxylate O atoms to the surface. Nevertheless, l2 bonding remains most strongly associated with higher exposures, whereas at lower exposures, when RAIR spectra show pure l3 bonding, LEED and STM data indicate that (2,1;1,2) periodicity is only imperfectly established. This can most obviously be attributed to the steric bulk of the pyrrolidine ring impeding the ordering process, such that higher coverages are needed to force local order.
The single H atom in the amine group of prolinate means that there is less scope, compared to alaninate and glycinate, for H-bonding interactions. The fact that the same (2,1;1,2) periodicity is seen for all three species therefore suggests that H-bonding is not the dominant driving force for this ordering (otherwise one might expect prolinate overlayers to adopt a different periodicity), the periodicity instead being governed by packing considerations and the bonding footprint. Nevertheless, the marked step faceting behaviour observed after moderate annealing, whereby the step orientation aligns with the edges of the (2,1;1,2) overlayer mesh, suggests that the steps may be stabilised to some extent by H-bonding interactions between neighbouring adsorbates along the down-step edge.
On Cu{110}, the (4 9 2) periodicity adopted by l3-bonded prolinate is larger, due to the steric bulk of the pyrrolidine ring, than the (3 9 2) periodicity adopted by alaninate and glycinate. This leads to a corresponding difference in the ordering of the footprints which underlies the conformer-ordering phenomena noted by Raval et al. [33, 34] . Our results indicate that no such differences occur on {311}, all three adsorbates giving the same (2,1;1,2) periodicity and essentially identical adsorbate-substrate bonding configurations, because the larger row-row spacing of Cu{311} relative to {110} is able to accommodate bulkier species. Note that in RAIR spectra obtained from Cu{110} at high prolinate exposures, the m(C=O) absorption band characteristic of l2 bonding is much weaker than it is in spectra obtained from Cu{311}, consistent with the absence of higher-coverage structural phases beyond (4 9 2) [33] .
For glycinate and alaninate on Cu{311}, the onset of l2 bonding is clearly linked to the presence of translational domain boundaries and/or ordered CL structural phases [27, [29] [30] [31] . The rationale is simple: pure l3 bonding at 0.33 ML coverage accounts for all surface-layer Cu atoms in bonding interactions with amine groups or carboxylate O atoms. To increase the coverage beyond this point, it is , showing residual molecular species after dissociation of previous species; ?10 mV, 10 pA, uncalibrated necessary for some of the already-adsorbed moieties to convert from l3 to l2 bonding, to free up Cu atoms for (l2) bonding to additional adsorbates. Although the details of the boundary structure and of high-coverage structures remain to be determined, they clearly must contain l2-bonded glycinate/alaninate. This simple rationale seems to break down somewhat in the case of prolinate on Cu{311}-although we note an analogous discrepancy on Cu{110}, in that the onset of l2 bonding of glycinate has not been reported as leading to the structural changes away from the (3 9 2) phase that are observed with the onset of l2 bonding of alaninate. The characteristic 1 30 ½ boundary orientation is common to L-prolinate and L-alaninate on Cu{311}, and is also seen (together with mirror-equivalent 10 3 ½ -oriented boundaries) with glycinate; this preferred orientation, parallel to one of the sides of the (2,1;1,2) unit mesh, can be attributed to the same inter-adsorbate H-bonding interactions that stabilise the (2,1;1,2) periodicity and the 1 30 ½ step facet direction. However, the detailed structure of the prolinate boundaries is different from that seen with alaninate and glycinate [27, 29, 30] ; indeed the prolinate boundary structure seems to differ between Figs. 9 and 11. Moreover, whereas the boundaries seen with glycinate and prolinate are translational domain boundaries, those seen with prolinate appear to separate adjacent regions of the same translational domain.
A conceivable explanation lies in the bulk of the pyrrolidine rings: packing these at 0.33 ML coverage may give rise to higher levels of compressive surface stress than occurs with the smaller amino acids at the same coverage. If so, boundaries may arise in order to relieve excessive levels of stress associated with larger domains (as seen, for example, in N overlayers on Cu{100} [35] [36] [37] [38] ), in which case these features may be regarded as a form of Frenkel-Kontorova boundary [39] . That picture does not immediately explain the presence or identity of adsorbates within the boundary, however, although the packing density of these moieties does appear to be less than applies in the (2,1;1,2) phase, in that sites within the boundary are not fully populated. The exact relationship between boundary structure(s) and bonding configuration(s) for prolinate, and how these relate to the translational domain boundaries seen for alaninate and glycinate, therefore remains unclear at present.
Where the behaviour of prolinate clearly differs from that of alaninate and glycinate on Cu{311} is in the progressive change of boundary orientation, from 1 30 ½ towards 2 3 3 ½ , with annealing. The internal structure of the 2 3 3 ½ boundaries is indistinct in the STM images; the clear resolution of the adjacent (2,1;1,2) domains indicates that this indistinctness is somehow related to the structure, rather than to tip effects etc. With the caveats about temperature discrepancies noted above, these structural changes correlate with the changes seen in the m(C=O) absorption band in the RAIR spectrum-changes not seen for alaninate or glycinate. The presence of (2,1;1,2) domains, associated with (predominantly) l3 bonding, adjacent to these boundaries is consistent with the coexistence in the spectra of bands corresponding to l3 bonding.
Perhaps the most striking difference seen with proline, as compared to glycine and alanine, on Cu{311} is the new structural phase formed after annealing to 490 K. Figure 18 shows, superposed on a ball model of the Cu{311} surface, the (2.5,1.5;2,3) net of one of the two overlayer domains (that visible at the top of Fig. 14b ) determined from the LEED pattern and the power spectrum of the STM data. It is clear from this diagram that the full periodicity of the coincidence net should be defined by the matrix (5,3;2,3), i.e. twice the size of the (2.5,1.5;2,3) overlayer net.
No obvious evidence of this (5,3;2,3) coincidence net periodicity is visible in the STM image. However, the prominent subset of features that image extra-bright define an incomplete ''(2 9 2) super-mesh'' of the (2.5,1.5;2,3) net, formally described by a (5,3;4,6) matrix (Fig. 18) . Moreover, close inspection of the ordered structure in the STM image reveals a systematic pattern of lateral displacements, leading to marked pairing along rows in the direction marked by arrow P, and zig-zagging of alternate rows running in the direction marked by arrow Z. The nominal molecular positions indicated by the STM data are shown schematically (with arbitrary registry to the substrate) in Fig. 18 . The periodicity defined by these displacements is again (5,3;4,6) . Close inspection of the LEED pattern in Fig. 6i reveals additional faint spots in between the dominant spots of the (2.5,1.5;2,3) periodicity. These faint spots correspond to a (5,3;4,6)-but not a (5,3;2,3)-net, as shown schematically for comparison in Fig. 14b ; in other words, the full LEED pattern is consistent with the (5,3;4,6) periodicity seen by STM. In the STM image, both the incompleteness of the ''(2 9 2) supermesh'' of extra-bright features, and the subtlety of the (5,3;4,6) pattern of lateral displacements, are consistent with the faintness of these additional spots of the full (5,3;4,6) LEED (with the caveat that the LEED patterns were recorded at a single energy).
In Sect. 3.1.2, we advanced the suggestion, based on RAIRS and TPD evidence of dehydrogenation of the pyrrolidine ring, that the surface species at this point may be pyrrole-2-carboxylate (Fig. 1c) . One would expect this species to bond to the surface through the carboxylate group and through the molecular p system, and thus to lie substantially parallel to the surface. In this orientation, vibrational modes associated with the backbone and ring should be close to RAIRS-inactive, accounting for the absence of the associated bands in the spectrum. The carboxylate group itself must remain tilted away from the surface, to account for the sole remaining spectral feature, the m s (CO 2 ) absorption band. It is beyond the scope of these data to indicate whether the molecule is planar and slightly tilted out of the surface plane, or whether the backbone bends such that the pyrrole ring is parallel to the surface while the carboxylate group is tilted.
The (5,3;4,6) periodicity, with four moieties visible per unit mesh, implies a surface coverage of 0.22 ML, substantially less than the 0.33 ML coverage of (2,1;1,2) prolinate. This is consistent with the observation of a substantial amount of amorphous material-which may be the excess 0.11 ML of pyrrole-2-carboxylate that cannot be accommodated in the first layer, or may be further dissociation products-above the ordered layer. This reduced packing density implies that pyrrole-2-carboxylate occupies a substantially larger surface area per molecule than prolinate, which is perhaps surprising given that there is no a priori reason to expect pyrrole-2-carboxylate to be significantly the bulkier of the two species. We also note that pyrrole-2-carboxylate is capable of dimerizing by means of H-bonding interactions between carboxylate O atoms and the amine group [40] . Whilst it is beyond the scope of the STM data to determine any detailed model for the molecular motif, the observed pattern of nearest-neighbour pairing is certainly strongly suggestive of some form of dimerization.
In that regard, it is relevant that the two mirror domains appear to occur with equal areas (the two sets of spots are equally bright in the LEED pattern). If achiral objects selfassemble to form a chiral structure, one expects to see equal areas of both mirror domains of that structure-as seen, for example, for the (H7 9 H7)R19°structure formed by NO 2 / CO coadsorption on Au{111} [41] . Pyrrole-2-carboxylate is achiral, with a mirror plane running through the plane of the molecule. If the molecule adsorbs with the molecular plane parallel to the surface, it can do so in either of two ways, corresponding to one or other side of the molecule being in contact with the surface (Fig. 19a) . These two adsorbatesubstrate bonding configurations are chiral, with the amine group lying to one or other side of the molecular axis running from the carboxylate group to the pyrrole ring. Dimerization requires both adsorbates to be bonded as the same enantiomer of the adsorbate-surface complex (Fig. 19b) : chirality is preserved in the resulting dimer-surface complex. We infer that the two mirror domains correspond to the two enantiomers of this dimer-surface complex. Given the single-enantiomer L-prolinate starting point, the equal areas of the two mirror domains imply that as prolinate dehydrogenates, it passes through a prochiral intermediate with the ring perpendicular to the surface; the resulting pyrrole-2-carboxylate then has equal probability of adopting either of the two possible adsorbate-substrate bonding enantiomers.
After annealing to 510 K, LEED indicates essentially (1 9 1) periodicity (albeit with diffuse half-order spots visible at 19 eV); the RAIR spectrum is featureless, but STM clearly shows a disordered adsorbate overlayer with relatively high apparent coverage. Qualitatively, this has the appearance of a molecular (rather than atomic) overlayer, in that the visible features appear larger and less regular than is the case in typical atomic phases, despite having annealed to temperatures where ordered atomic phases (including those involving substrate reconstruction) typically form on Cu surfaces. This implies further dissociation of pyrrole carboxylate to simpler fragments, in orientations that render them RAIRS-inactive, and with sufficient disorder that no clear overlayer periodicity is apparent in LEED. 
Conclusion
The behaviour of L-proline after adsorption on Cu{311} has substantive features in common with that previously observed with alanine and glycine on the same surface [27, [29] [30] [31] : specifically, the (2,1;1,2) periodicity characteristic of l3 bonding and associated with the absence of footprint chirality, and a similar transition from pure l3 bonding at low exposures to a mixture of l3 and l2 bonding at higher exposures.
There are, however, significant differences. These include the systematics of the behaviour of the m(C=O) RAIRS absorption band with exposure and subsequent annealing, and its relationship to structures and structural changes seen in LEED and STM. Although these differences are not fully understood as yet, it is likely that they stem, at least in part, from the impact of the bulky pyrrolidine ring on the kinetics. There are also differences in the internal structure(s) of the characteristic 1 30 ½ -oriented translational domain boundaries with prolinate as compared to alaninate and glycinate; moreover, the reorientation of these boundaries towards the 2 3 3 ½ direction when the prolinate overlayer is annealed has no parallel in the behaviour of alaninate or glycinate overlayers.
We suggest that the new structural phase with (5,3;4,6) periodicity that emerges on annealing to 480-490 K consists of pyrrole-2-carboxylate, formed by dehydrogenation of prolinate. The lattice chirality of this structure indicates that it involves a single adsorbate-substrate bonding enantiomer, most likely in an arrangement involving dimerization. The fact that both of the possible mirror domains area observed, with equal areas, implies the involvement of a prochiral intermediate in the conversion from L-prolinate to pyrrole-2-carboxylate.
